Bacterial leaching was applied to recover metal values from complex sulfide concentrates. The leaching kinetics were observed to depend on various leaching parameters, including Fe(II) concentration, pH and pulp density. The rate of leaching decreased with increase of iron precipitation rate. The leaching results indicated good bacterial activity. A Principle Component Analysis showed all the variables can be classified into four groups which account for more than 79.7% of the variance. The four groups were described as factors like leaching kinetics, bacterial activity, leaching parameters and bacterial metabolites.
Introduction
The bioleaching technique is used extensively to recover metal values such as Cu and U from low grade ores. [1] [2] [3] [4] Acidophilic microorganisms such as Acidithiobacillus, Leptospirillum and various thermophilic microorganisms such as Sulfolobus, Acidianus sp. are used in the bioleaching process. The microorganisms oxidize Fe(II) and elemental sulfur to Fe(III) and H 2 SO 4 , respectively, at low acid as well as high metal ion concentrations. 5, 6) These properties are unique for these types of microorganisms as no other species can survive under these extreme conditions. The applicability of this technique is not limited to heap leaching, but has been extended to reactor leaching. This technique is widely used for oxidation of refractory ores containing precious metals. 7, 8) The success with leaching refractory ores has generated much interest because this technique can be extended to recover base metals from their respective sulfide ores. The possible reactions of bioleaching of complex sulfides (MS) are shown as follow:
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Acidithiobacillus ferrooxidans
The demand for base metals like Cu, Pb and Zn is increasing progressively. 9) These are often recovered from their respective sulfide ores using pyrometallurgicaltechniques but their popularity is decreasing due to ever increasing energy cost and environmental restrictions on the emission of SO 2 . The main drawback of the bioleaching technique is its slow kinetics, because of which its application is yet to be commercialized especially for the recovery of base metals from their respective sulfide concentrates using stirred reactors.
The kinetics can not be enhanced by using genetically improved microbial strains. 10) Therefore, the only option left is to study the different leaching parameters affecting the kinetics and establish the intra-correlation between them. Keeping in view its importance, an attempt has been made in this study to determine the leaching kinetics by varying different leaching parameters and statistically determining the intra-correlation of different parameters by multivariate data analysis.
Experimental

Microorganisms and medium
The microorganisms used in this study were isolated from the effluent pond of Dalsung Tungsten and Copper Mines, South Korea. The isolated strain was grown in 9 K media.
11)
Before carrying out leaching studies, the isolated strain was adapted to the concentrate. All leaching experiments were carried out using 5 days old fully grown culture.
Characterization of the complex sulfide concentrate
The concentrate was collected from Victoria Gold Deposits, Makai City, Philippines. For leaching purpose, the (À106 Â 10 À6 ; þ45 Â 10 À6 ) m sieve size fraction was used. The typical chemical analysis of the concentrate is shown in Table 1 . Physical characterization of the concentrate was carried out using XRD (Rigaku, R4-200).
Bioleaching
Bioleaching studies were carried out in an orbital shaker incubator at 180 rpm and 305 K. Periodically, samples were collected to measure the various physico-chemical parameters like pH, Eh (redox potential), concentrations of metal ions like Cu(II), Zn(II), Fe(II) and Fe(III). The concentrations of Fe(II) ions in the solution was analyzed by titration method using 0.1 N potassium dichromate as titrant and barium diphenylamine-4-sulfonate (BDAS) as a redox indicator. 12) Other metal ions were analyzed by Atomic Absorption Spectrophotometer (Perkin Elmer, AAnalyst-400) after suitable dilution. The pH and Eh of the solution was measured using respective electrodes (Thermo, Orion 720 þ ). All chemicals used were of Analytical grade. Leaching studies were carried out at pH 2.0, pulp density (weight of complex sulfide in 100 mL nutrient media, w/v) 10%, temperature 305 K, initial Fe(II) concentration 10 kgÁm À3 , unless or otherwise specified. Leaching rates of Zn and Cu were calculated from the slopes of the plots between concentrations of Zn and Cu in leach liquor versus time. Similarly iron oxidation and precipitation rate were calculated from residual Fe(II) concentration and loss of total iron concentration in the leach liquor with time, respectively. The graph plotted between concentrations of acid produced during the leaching process versus time gave the acidity production rate.
Statistical interpretation
The leaching data were subjected to Principle Component Analysis (PCA) to evaluate the influence of various leaching parameters on the leaching rates. PCA was conducted using SPSS-10. In PCA, eigen values were used to determine the percentage of variance as well as the cumulative percentage of variances. A varimax rotation of different varifactors with factor loading was calculated using eigen values greater than 1 and sorted by the results having values greater than 0.6 to have P C of 0.01.
Results and Discussion
Leaching studies were carried out varying the parameters Fe(II) concentration, pulp density and pH.
Effect of external Fe(II) addition
Iron concentration is an important factor in determining the leaching kinetics as the dissolution of the sulfide matrix follows an indirect mechanism. In this mechanism the dissolution reaction occurs through Fe(III), with the bacterial role being limited to oxidation of Fe(II). This mechanism is a two step process based on the dissolution of sulfide minerals by reducing the dissolved Fe(III) to Fe(II) which is then reoxidised to Fe(III) by the iron oxidizing acidophiles. Leaching studies were carried out by varying the initial Fe(II) concentration from 0 to 30 kgÁm À3 . The leaching rate (Cu and Zn) as shown in Fig. 1 increased with increase of initial iron concentration up to 20 kgÁm À3 and thereafter on further increase, it showed a decreasing trend. If the leaching follows an indirect mechanism, it should increase progressively with increase of Fe(II) concentration. The decrease of leaching rate beyond 20 kgÁm À3 Fe(II) could be due to a decrease of bacterial activity or formation of a product layer inhibiting further dissolution. The bacterial activity is usually measured from the iron oxidation rate. In the present case, reduction of Fe(III) to Fe(II) was calculated based on sulfide dissolution rate. The iron oxidation rate was observed to increase with increase of initial Fe(II) concentration as shown in Table 2 suggesting good bacterial activity in spite of higher initial Fe(II) concentration. This is further corroborated by the high Fe(III)/Fe(II) ratios in Table 2 indicating that most of the Fe(II) is oxidized to Fe(III). In the bioleaching process, there are two main product layers, such as precipitated iron and elemental sulfur, which are formed during the dissolution of sulfides. Since we could not measure the sulfur formation kinetics in the present study, some attempts were initiated to calculate the iron precipitation rate. Iron precipitation rate was calculated based on the initial iron concentration in leach liquor and additional iron due to the dissolution of chalcopyrite. The iron precipitation rate was observed to increase with increase of initial Fe(II) concentration as shown in Table 2 . The increase in precipitation rate at higher Fe(II) concentration may be due to slowing of the leaching kinetics. An attempt was made to calculate the acidity production rate from pH measurments, although this technique is empirical due to the presence of buffers like PO 4 , which is used as a bacterial nutrient. The results are shown in Table 2 , and indicates a progressive increase of acid concentration with increase of initial Fe(II) concentration suggesting partial oxidation of sulfur. In order to identify the product layer, XRD analyses were carried out on the initial sample and the leached residue. The initial sample showed sulfide peaks corresponding to chalcopyrite (CuFeS 2 ) sphalerite (ZnS) and galena (PbS). Quartz (SiO 2 ) was observed as a major gangue mineral. The leached residue showed three product layers, namely jarosite (NH 4 )Fe 3 (SO 4 ) 2 (OH) 6 , elemental sulfur (S) and anglesite (PbSO 4 ). Apart from these, the signal intensity of sulfide matrix decreased while that of quartz increased indicating dissolution of the sulfide matrix during leaching. 
Effect of pH
The initial pH was varied from 1.5 to 3.0 while maintaining all other leaching parameters constant. The pulp density was 10%(w/v), temperature 305 K and the initial Fe(II) concentration was 10 kgÁm À3 . The leaching rate increased with increase of initial pH up to 2 and thereafter it showed a decreasing trend as shown in Fig. 2 . The iron oxidation rate, precipitation rate, acid production and Fe(III)/Fe(II) were calculated and are shown in Table 2 . From the iron oxidation rate, the Fe(III)/Fe(II) ratio and acidity production indicated the bacterial activity. Therefore, the decrease of leaching rate with increase of pH may be due to the increase in iron precipitation rate.
Effect of pulp density
The pulp density was varied from 5 to 25%(w/v) maintaining pH at 2.0, temperature at 305 K and initial Fe(II) concentration at 10 kgÁm À3 . The efficiency of Cu and Zn leaching decreased with increase of pulp density as shown in Fig. 3 . Since the leaching rate was calculated from the concentration of Cu and Zn in leach liquor, it increased with increase of pulp density as the concentration of metals is greater at higher pulp density. The calculated iron oxidation, precipitation rate, acid production and Fe(III)/Fe(II) are shown in Table 2 . It can be concluded that bacteria were active even at higher pulp density. The decrease of leaching rate with increase of pulp density may be due to increase of precipitation rate as the precipitated iron would form a product layer, thus inhibiting the access of attacking species to the sulfide.
Correlation between iron oxidation and precipita-
tion rate It can be concluded from the kinetics studies that iron oxidation and precipitation play major roles in determining the leaching kinetics. Therefore, an attempt was made to correlate these parameters with Cu and Zn dissolution rates. The results are shown in Fig. 4 . A linear correlation is Cu-% Zn-% Cu rate Zn rate observed between Cu and Zn leaching rate with iron oxidation rate whereas there is no obvious correlation with iron precipitation rate. Therefore, it is likely that product layers other than jarosite, such as elemental sulfur and anglesite, played a major role in determining the leaching kinetics.
Multi-variate analysis
A multi-variate analysis technique was used to correlate the different leaching parameters. In all, 18 variables were considered. Some of the variables were measured directly and others were calculated from the measured parameters. Table 3 shows the correlation matrix. The reaction time showed positive correlation with bacteria related factors like Eh, Fe(III)/Fe(II) ratio, acidity and acidity production rate. The pH showed positive correlation with factors like Eh, Fe(II), Fe(III), acidity, acid production rate. Eh showed positive correlation with Cu and Zn leaching rate indicating higher Eh value favors higher leaching rate. Pulp density showed a negative correlation with the leaching rate. Fe(II) showed a negative correlation with leaching efficiency indicating the higher Fe(II) concentration is the lower would be the leaching rate. The calculated variables like Fe(III)/ Fe(II) ratio, iron oxidation rate, acid production rate etc showed good correlation with the leaching rate.
Elements belonging to a given factor were defined by the same matrix after varimax rotation with those having strong correlation grouped into factors. For multivariate analysis, the eigen values up to 1 were considered, since the results for values 1 were not significant. The results are shown in Table 4 . Based on these, all variables were classified into four groups as shown below: Factor-I Factors related to leaching kinetics Factor-I exhibits 35.75% of the total variance of 70.75%. In this factor, most of the major variables were included. For factor analysis, loading values of 0.5 were considered for p < 0:05. Bold letters indicate p < 0:01 PD = pulp density, IOR = iron oxidation rate, IPR = iron precipitation rate, Cu-C = copper concentration, Zn-C = zinc concentration Factor-II Bacterial activity related parameters Factor-II exhibits 20.5% of variance. These two factors constituted 56.2% of 79.7% variance. This factor includes bacterial activity as it includes iron oxidation rate. The inclusion of variables like Cu and Zn leaching rate suggest bacterial mediated dissolution of sulfide matrix. Factor-III Leaching parameters Factor-III exhibits 15.7% variance thus the cumulative being 71.9%. Factor-III includes 3 leaching parameters such as Cu and Zn concentration and pulp density. All the variables showed positive loading. Factor-IV Bacterial metabolites Factor-IV exhibits only 7.8% variance thus making cumulative one to be 79.7%. This factor contains bacterial metabolites like Fe(III).
Conclusions
The following conclusion can be made: (1) Bacterial related activities such as iron oxidation rate and acid production played an important role in the leaching kinetics. (2) The iron precipitation rate had a negative effect on leaching rate. (3) Apart from jarosite, the product layer contained elemental sulfur and anglesite. (4) The Cu and Zn leaching rates were well correlated to iron oxidation rate. (5) Multi-variate analytical technique helped to correlate the leaching kinetics vis-a-vis different leaching parameters. PD = pulp density, IOR = iron oxidation rate, IPR = iron precipitation rate, Cu-C = copper concentration, Zn-C = zinc concentration
